The electrochemical reduction mechanism of ethidium bromide was first studied by spectroelectrochemistry. This reduction was proved to be a two-step process by cyclic voltammetry, differential pulse voltammetry and spectroelectrochemistry, in which each step was proved to be a one-electron transfer process by a spectropotentiostatic fluorescence technique. Hydroethidine was confirmed to be the final product by comparing the spectrum of the product of the electrochemical reduction to that of the product of the chemical reduction of ethidium bromide, and a carboncentered radical was concluded to be a reasonable intermediate product during the electrochemical reduction of ethidium bromide.
Introduction
Spectroelectrochemistry involves the combination of an electrochemical method with a spectroscopic technique, which can be performed simultaneously in an electrochemical cell. Compared with the usual chemical redox methods, spectroelectrochemistry can provide information on both the electrochemical response and accompanying optical phenomena of the intermediate state during the redox process, due to its ability to precisely control the oxidation state of the surface redox species. Based on this ability, spectroelectrochemistry can just provide a simple method to simulate the redox circumstance in vivo and to study the metabolic mechanisms of many kinds of drugs conveniently, while more directly and reliably pharmacological evidence of drugs can be obtained. 1, 2 Beside this aspect, a series of studies, which have combined UV-Vis, IR, ESR with electrochemical techniques, [3] [4] [5] have been widely conducted and applied to inorganic, 6,7 organic 8 and any other aspects of biological redox chemistry. [9] [10] [11] Because the fluorescence is usually highly sensitive and gives structural information about molecules among various spectroscopic techniques, fluoroelectrochemical techniques, which combine fluorescence and electrochemical methods, also have a potential to be widely used. 12, 13 Ethidium bromide (EB) is a kind of commonly used fluorescence probe of nucleic acid structures, [14] [15] [16] [17] [18] which interacts strongly with double-stranded DNA and RNA.
The predominant mode of EB binding to double-strand polynucleotides is by intercalation between adjacent base pairs, [19] [20] [21] with which the enhancement of fluorescence is accompanied. 22, 23 Because of this strong intercalation, EB has been widely used to study whether the binding mode of drugs with DNA is intercalation or not according to the influence of the drugs to the fluorescence intensity of the EB-DNA complex.
In another way, although ethidium bromide has also been used in electrochemical studies, 24 its weakly electrochemical activity is the major limitation of further applications. Our group has conducted some research in this field, for example, an ethidium bromide-labeled DNA probe was studied and used to detect sequence-specific DNA. 25 Although EB has been studied by various techniques, few reports on its electro-optic properties are available. There is no report yet on the electrochemical reduction of EB combined with spectroscopic technique. Herein, we first studied the electro-optic properties of ethidium bromide by fluorescence and UV-Vis techniques in conjunction with electrochemical methods, and found a strong enhancement of fluorescence under the given condition. A detailed study was made and a possible mechanism was proposed.
During the electrochemical reduction process, ethidium bromide undergoes two one-electron transferring processes to give the final product, hydroethidine; a significant fluorescence enhancement may have been due to the intermediate product, a carbon-centered radical. This study is important to acquire more details about EB, and we can also expect that it can be applied further to the molecular biochemistry.
Experimental

Instrumental
Fluorescence experiments were performed with a HITACHI 850 fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan). UV-Vis absorbance measurements were performed with a Varian Cary 50 Ultraviolet-visible spectrophotometer (Varian Co., USA). A Model ZF-3 potentiostat (Shanghai Second Component Factory) was used to control the potential.
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were performed with a CH Instruments Model 630 electrochemical analyzer (CH Instruments Inc., USA). All electrochemical measurements were carried out at room temperature in a 10 mL electrochemical cell with a threeelectrode system consisting of the Ag/AgCl/saturated KCl reference electrode, a platinum wire counter electrode and a spectroscopic pure graphite disk working electrode.
Construction of spectroelectrochemical cell
A new, easily constructed cell ( Fig. 1 ) was designed to perform spectroelectrochemical experiments. The main body of the cell was constructed by plexiglass. A working electrode platinum flake was inserted into a piece of black plexiglass, and the platinum wire counter electrode was set into a glass tube with the end sealed with porous unglazed porcelain in order to keep the product around the platinum wire counter electrode apart from that around the working electrode. The counter electrode and the self-made Ag/AgCl/saturated KCl reference electrode were placed at the back of black plexiglass. To obtain a thin-layer solution, a sandwich structure was constructed by the cell, a thin flexible polyethylene film and quartz (for fluorescence) or black plexiglass (for UV-Vis), in which the thickness of thin-layer solution was about 0.2 mm and controlled by polyethylene film. A micro hole was drilled at the bottom of the cell to connect the thin-layer solution and the bulk solution. For fluorescence experiments, the exciting light beam was perpendicular to the surface of the platinum working electrode, while for UV-Vis absorbance measurements the incident light beam was parallel to it. This cell was easily cleaned and constructed.
Reagent
All reagents were of analytical reagent grade or better. Ethidium bromide (EB) and tris(hydroxymethyl)aminomethane were purchased from Amresco. The prepared TE buffer solution included 10 mmol/L Tris-HCl and 1.0 mmol/L EDTA with pH 7.0.
A 0.74 mmol/L EB solution was prepared by dissolving EB in a TE buffer, while for the chemically reduction experiments, a 0.56 mmol/L EB solution was prepared by directly dissolving EB in water. These solutions were diluted to suitable concentrations in following experiments. All aqueous solutions were freshly prepared with double-distilled water.
Procedure
Electrochemical experiments were carried out with the EB solution, which was purged with N2 about 20 min in advance. A spectroscopically pure graphite disk electrode was polished with metallographic abrasive paper, then washed successively with 1:1 HNO3, acetone and double-distilled water. After these pretreatments, it was dipped into a 0.1 mol/L NaOH solution (pH = 13), and the potential +1.2 V was held for 5 min. 26 In spectroelectrochemical experiments, the platinum working electrode was polished with a 0.05 µm alumina suspension to a mirror finish, then sonicated and washed successively with 1:1 HNO3, and double-distilled water.
The EB solution deoxygenated by purging with N2 for 20 min was injected into the cuvette in advance.
Spectropotentiostatic fluorescence spectra were recorded until the potentials had been kept constant for 10 min, when the spectra changed no more. During the course of the experiments, the spectroelectrochemical cell was under the protection of a N2 atmosphere.
Single-potential step fluorescence (F-t) spectra had been recorded at different times since the potential was exerted. The scan speed of the fluorescence experiments was set at 400 nm/min.
Results and Discussion
Electrochemical behavior of EB
A typical cyclic voltammogram of 7.4 µmol/L EB in TE buffer is shown in Fig. 2(A) . A distinctive reduction peak located at Ep1 = -0.616 V (vs. Ag/AgCl) and an undefined reduction peak at about -0.280 V appeared, which meant that the electrochemical reduction of EB might be a two-step process. No obvious oxidation peak was found in the cyclic voltammogram and the reduction peaks were found to move to more negative potential as the scan rate increased, which indicated that the electrochemical reduction of EB is an irreversible electron-transfer process.
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ANALYTICAL SCIENCES JUNE 2002, VOL. 18 The differential pulse voltammogram of 7.4 µmol/L EB in TE buffer is shown in Fig. 2(B) . Two well-defined reduction peaks were situated at -0.232 V and -0.556 V (vs. Ag/AgCl), respectively, which also showed that EB might undergo a twostep electron-transfer process. The concentration ratios of the oxidized and reduced forms for every applied potential were calculated according to
Determination of the formal potential (E 0′
where F is the fluorescence intensity of a definite wavelength at different given potentials, and Fred and Fox are the fluorescence intensities for totally reduced and oxidized species, respectively.
12,13
In the following mathematical computations, the fluorescence emission 450 nm was selected as the definite wavelength for both the first and second steps.
For the first step,
where Fox1 is the value of the fluorescence intensity of the reactant. Fred1 is the value of the maximum fluorescence intensity of the intermediate product, and is obtained from a plot of the fluorescence intensity (F) vs. potential (Eapplied) (Fig. 4) . For the second step,
where Fox2 is the value of the maximum fluorescence intensity of the intermediate product, and equally given from a plot of the fluorescence intensity (F) vs. potential (Eapplied). Fred2 is the value of the fluorescence intensity of the final product. The linear-regression results of the applied potential, Eapplied vs. log([O]/[R]), for the two steps gave two straight lines (Fig.  5) . The results are listed in Table 1 . It was concluded that each step was a one-electron transfer process. Figure 6 shows the fluorescence spectra of 7.4 µmol/L EB in TE buffer to which a stable step-potential -0.75 V was exerted and a slightly wider thin-layer was used. the final product immediately at -0.75 V. The result of twostep process was the same as that of the electrochemical process.
Single-potential step thin-layer fluoroelectrochemistry
Testimony of the final product by chemical reduction method
Although electrochemical and spectroelectrochemical experiments had shown the characteristics of the electrochemical reduction process of EB, the final and intermediate products were unknown. It was reported that EB could be chemically reduced by NaBH4 and the product was confirmed to be hydroethidine (HEt) by NMR. 27 HEt is a freely permeable, blue fluorescent dye until being oxidized to the common polynucleotide stain ethidium bromide, 28, 29 and shows a weakly fluorescent emission at 420 nm 29 and two absorbance bands at 270, 340 nm. 30 We carried on similar experiments by dissolving NaBH4 into a 50 µmol/L EB aqueous solution with stirring for 8 h at ∼0˚C. It was shown that the fluorescence emission of the product of the above reaction exited at 420 nm and the absorption bands were situated at 263, 346 nm, which corresponds to the literature values. However, the final product of the electrochemical reduction of EB in TE buffer showed fluorescence emission at 420 nm and absorbance bands at 270, 340 nm (Fig. 7) , which were also in good accordance with the literature. 30 From the above facts, because the conclusion that the product of the chemical reduction had the same spectroscopic properties as the final product of the electrochemical reduction was drawn, it could be inferred that HEt is the final product of the electrochemical reduction of ethidium bromide.
Discussion on the intermediate product in the process of the electrochemical reduction of EB
Hereto, the two-step process in the electrochemical reduction of ethidium bromide had been proved by electrochemical and spectroelectrochemical techniques and the number of electrons transferred in each step was confirmed to be one by a spectropotentiostatic fluorescence technique. Further studies had shown that the final product was hydroethidine. Accordingly, we concluded that the intermediate product should be a kind of free radical. The intermediate product observed in our experiment had been proved to have persistence to some extent. The following is a discussion on the persistence of the radical.
Firstly, the exterior factor is discussed. Because of the ability of thin-layer electrochemistry, which could precisely control the reduction state of the species in a very small volume of solution, and completely electrolyze the solution around the surface of electrode within a few minutes, the intermediate product could be quantitatively produced with a nearly 100% current efficiency by controlled potential reduction of the original ethidium bromide at a platinum cathode whose potential was held constant just above the value needed by the second reduction step.
As shown in the spectropotentiostatic fluorescence experiment, the intermediate product was quantitatively produced, and no disproportionation of the intermediate product was observed in the first step, which meant that the intermediate product might be persistent to some extent. In addition, the two steps in the whole electrochemical reduction process were distinctively separate. Only when the potential moved to more negative than the potential needed by the second step, the intermediate product received one electron further to produce the final product, hydroethidine. The facts mentioned above showed that the applied potential was closely related to the persistence of the free radical.
Secondly, the structural factor of the free radical was discussed. In studies on a persistent radical, the triphenylmethyl radical (TPM • ), shown in Fig. 8b , has been viewed as a kind of stable radical since Gomberg found it, 31 since the persistence is 648 ANALYTICAL SCIENCES JUNE 2002, VOL. 18 The number of electron transferred (n) involved with resonance stability obtained by its phenyl groups, which also inhibits radical-radical recombination reactions by an intramolecular steric effect. 32 The latter effect was proved by a series of additional studies on another radical, diphenylmethyl radicals (DPM • ), shown in Fig. 8c . It was shown that inside the channels of LZ-105, a kind of zeolite material, the mobility of the free radical (DPM • ) was restricted, and radical-radical recombinations were inhibited. [32] [33] [34] [35] The restriction led to persistent DPM • that could be observed with a half-life of many weeks at room temperature, 34 while the free radical tended to undergo nearly diffusion-controlled, radical-radical coupling to quantitatively form 1,1,2,2-tetraphenylethane in an ordinary condition. Thus, the persistence of a free radical was mainly determined by the inhibition of radical-radical recombination and the resonance stability obtained from the adjacent group.
Among all probable configurations of the intermediate product of the electrochemical reduction of EB, the carboncentered radical EB
• (Fig. 8a) , which has a similar configuration as TPM • , should be the most stable one. From the molecular configuration of the probable EB • , it should have a similar resonance stability as TPM • , because of its widely delocalized resonance state. Simultaneously, the internally intramolecular steric effect of the radical EB • , which inhibits radical-radical recombinations, might be another reason for the persistence of the free radical observed by spectroelectrochemistry.
Accordingly, the proposed mechanism of the electrochemical reduction of EB is shown in Fig. 9 . Ethidium bromide first received one electron to form the carbon-centered free radical EB • , the radical then underwent a further electrochemical reduction process to receive another electron, and the final product hydroethidine was given.
Conclusion
We studied the electrochemical reduction mechanism of EB by the electrochemical and spectroelectrochemical techniques, and proposed a possible mechanism. EB proceeds in two oneelectron transfer steps. EB first receives an electron from the electrode and forms a carbon-centered free radical; thus, the radical undergoes a further one-electron reduction to form the final product (HEt).
